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Abstract: In order to design optimal packages, it is of pivotal importance to determine the 
rate at which harvested fresh fruits and vegetables consume oxygen. The respiration rate of 
oxygen (RRO2) is determined by measuring the consumed oxygen per hour per kg plant 
material, and the rate is highly influenced by temperature and gas composition. 
Traditionally, RRO2 has been determined at discrete time intervals. In this study, wireless 
sensor networks (WSNs) were used to determine RRO2 continuously in plant material 
(fresh cut broccoli florets) at 5 °C, 10 °C and 20 °C and at modified gas compositions 
(decreasing oxygen and increasing carbon dioxide levels). Furthermore, the WSN enabled 
concomitant determination of oxygen and temperature in the very close vicinity of the plant 
material. This information proved a very close relationship between changes in temperature 
and respiration rate. The applied WSNs were unable to determine oxygen levels lower  
than 5% and carbon dioxide was not determined. Despite these drawbacks in relation to 
respiration analysis, the WSNs offer a new possibility to do continuous measurement of 
RRO2 in post harvest research, thereby investigating the close relation between temperature 
and RRO2. The conclusions are that WSNs have the potential to be used as a monitor of 
RRO2 of plant material after harvest, during storage and packaging, thereby leading to 
optimized consumer products. 
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1. Introduction  
Postharvest research and technology refer to the handling, sorting, storage, transportation and sale 
of plant material from harvest to consumption. Special focus is on quality changes and loss reduction 
in the postharvest chain of fresh fruits and vegetables. Although harvested, the fruits and vegetables 
are still alive; they respire, consume oxygen and emit carbon dioxide. The respiration rate is the rate  
at which oxygen is consumed or carbon dioxide is generated. The rate is defined either as the   
consumed mL of oxygen (RRO2) per kg per hour or as the generated mL carbon dioxide (RRCO2)  
per kg per hour and is a key measure in post harvest research [1]. Respiratory parameters are correlated 
to the rate of deterioration of the plant material, and these parameters are especially important when 
designing modified atmosphere packaging (MAP), where the permeability of the packaging material 
must be designed to match the respiratory parameters [2-5]. Fresh fruit and vegetable respiration is 
affected by temperature, wounding, gas composition, and physiological factors such as pathogen attack 
and varietal differences [6-9]. Respiration is measured in either closed/static systems [1,5,10], where 
the product is kept in closed containers or in flow-through/open systems [10-12] where the gas 
composite is changed with specified gas concentrations [1] or left at atmospheric conditions. The 
changes in concentration of O2 or CO2 are measured over a period of time in the static system as well 
as in the open system. In the flushed system, the changes are measured between the inlet and the outlet. 
The initial gas composition can be either atmospheric [13] or composed in a specific manner [5,10,12].  
In the literature, the most common method to determine oxygen and carbon dioxide in respiration 
analysis is gas chromatography [6,7,9,12-14] or electrochemical/infrared gas analyzers [5,10,11,15]. 
All the methods rely on the removal of a small amount of gas, and they are not continuous 
measurements, thus resulting in discrete data points. As the development of respiration rate is a 
continuous process and seldom linear, the discrete measurement points should be chosen with great 
care [1]. Oxygen partial pressure and temperature have an important impact on fruit and vegetable 
respiration [1]. Therefore, plant material is often tested under various temperature regimes in 
controlled climate chambers [5,7,10,12]. However, the exact temperature in the intimate proximity of 
the plant material has not been determined continuously during these experiments. 
Respiration rate measurements would gain from continuously analyzing the gas composition 
without disturbing the system. Oxygen probes could be an option enabling non-invasive determination 
of O2 in closed systems. In the recent decades, development of Wireless Sensor Networks (WSN) has 
taken place. In contrast to wired sensors, the obstacle has been to develop hardware that is capable of 
transmitting data under difficult circumstances, and developing low-cost, long-term energy sources for 
the sensor nodes [16]. The wireless sensors enable monitoring of processes non-invasively and where 
cabling is not possible [17]. WSN are in intimate connection with the immediate physical environment 
allowing each sensor to provide detailed information on environment of material that is otherwise 
difficult to obtain by means of traditional, wired instrumentation [16]. WSN have been used for Sensors 2011, 11 
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different aspects of agricultural measuring, monitoring and control [18], such as precision irrigation, 
environmental field data collection systems, automated fertilizer applicators, and animal behavior 
monitoring [19-22].  
Recently, WSN have been used within agricultural post harvest research, e.g., storage   
monitoring [23], or measuring and modeling of processed agricultural biomass quality in storage [24]. 
Within horticulture, WSN have mainly been used for monitoring environmental and growing 
conditions in the field or greenhouse. During transport and storage postharvest, WSN are widely used 
for temperature and psychrometric logging [17]. However, within horticultural post harvest there is 
still a lack of research and development of WSN [17] for quality monitoring. Only one study 
determining O2 continuously postharvest by using an O2 electrode to determine oxygen consumption in 
packaged tomatoes [25] has been found. Sensors with interesting features for post harvest research are 
gas/volatile sensors detecting oxygen, carbon dioxide, ethanol or volatile organic compounds, which 
are emitted from the plant material, reflecting the quality status of the produce. Other interesting 
features include relative humidity, shock and light impacts [16] and also biosensors used for microbial 
detection under development [17]. As a novel approach, WSN could be applied to measure respiratory 
parameters in post harvest technology, such as oxygen consumption. Furthermore, the respiration 
parameters can be related to the exact temperature experienced by the plant material. Using such WSN 
enables the continuous measurements of respiration in time-dependent experiments with fluctuating 
temperature. Finally, the wireless systems make it possible to do measurements without disturbing the 
system, and thereby preventing introduced changes in gas compositions. 
The objectives of this study are: (1) to test novel wireless sensors capable of measuring the 
temperature and oxygen changes continuously inside 1 L glass jars containing vegetables (broccoli 
florets) under traditional respiration analysis conditions; (2) to test the communication reliability of the 
sensors from within climate chambers in changing temperature and oxygen regimes; and (3) to 
compare the measurements with a standard respiration measurement.  
2. Experimental Section 
2.1. Wireless Sensors  
The wireless sensors used in this experiment monitor temperature and oxygen concentration. The 
sensor measures the temperature and oxygen level at specific time intervals and transmits the data 
wirelessly to a receiver station. The sampling time interval was set to roughly every 1 min. To obtain a 
long effective transmission communication range with high penetration capability, 433 MHz was 
selected as the communication frequency for this application. 
The sensor is powered by a 3.6 V lithium battery. The oxygen sensor is an O2 A3 (Alphasense, 
Great Notley, Essex, UK) of the galvanic type. The temperature sensor is a TMP36 (Analog Devices, 
Norwood, MA, USA). The sensor unit consists of a microcontroller, radio, A/D converter, antenna 
circuit, power unit (battery), temperature sensor, and relative humidity sensor. The nRF9E5 is a   
single-chip system with fully integrated RF transceiver, 8051-compatible microcontroller and a   
four-input, 10-bit, 80 kilo samples per seconds (ksps) AD converter. The circuit has embedded voltage 
regulators, which provide maximum noise immunity and allow operation on a single 1.9–3.6 V supply. S
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2.2. Respiration Rate Measurements 
During postharvest experiments with broccoli in the summer 2010, it was possible to test the 
usability of the sensors in a real plant produce experimental set-up designed to test the plant respiration 
rate at three different storage temperatures at either 5 °C, 10 °C or 20 °C in climate chambers   
(400 L, −9–99øC Binder KB400, Binder, Tuttlingen, Germany). A 1 L glass jar was filled with plant 
material of either 160 g broccoli florets. The glass jars were closed with a metal lid using a momentum 
key with a G-force of 5 kg. The lid of the glass jar was equipped with fittings for gas analysis. In all 
cases a closed system was used, meaning that once closed the glass jars were not opened until all 
oxygen was consumed by the plant material. The broccoli florets were of the commercial variety 
‘Ironman’, and five replicates (glass jars) at each temperature were prepared. Two of the glass jars 
contained, besides the plant material, also the sensor in the plastic jar, and data from these six sensors 
(two jars at 5 °C, two at 10 °C and two at 20 °C) are reported here to test the usability of the sensors in 
a real set-up. Three glass jars were without the sensors but were used for discrete measurements of 
oxygen and CO2 using an electrochemical O2 analyzer and infrared CO2 analyzer (Checkmate 9900, 
PBI Dansensor, Ringsted, Denmark). The glass jars were removed from the climate chambers for 
conventional, discrete respiration measurements using the PBI Dansensor at nine time intervals for the 
glasses at 5 °C and 10 °C, and at six time intervals for the jars at 20 °C. The time intervals were chosen 
in order to cover closely the initial respiration period, but also to cover the longer storage period a 5 °C 
and 10 °C. At all the discrete measurement points, the two sensor-replicates were also removed from 
the climate chambers in order to handle the five replicates in the same way. Due to the handling of the 
glass jars, the temperature within the glass jar changed. Furthermore, it is expected that the oxygen 
levels in the glass jars were equally distributed within the glass jar due to the handling. The jars were 
measured at room temperature in the laboratory and were outside the climate chamber for   
maximum 15 min for each measurement before it was returned to the desired temperature and left until 
next analysis. Discrete measurements are reported in averages of the three replicates.  
2.3. O2 Calibration of the PBI Dansensor 
Oxygen measured by the PBI Dansensor was calibrated against gas mixtures of N2, 1% O2/2% CO2 
in nitrogen, 10% O2/10% CO2 in nitrogen, 15% O2/25% CO2 in nitrogen, and compressed atmospheric 
air (all AGA Gas AB, Sundbyberg, Sweden). The calibration of the PBI Dansensor had a root mean 
square error of calibration (RMSE) of 0.12% oxygen. 
2.4. O2 Calibration of the Sensors 
The oxygen calibration was made by combining two different data sets: oxygen calibration1   
and oxygen calibration2. To obtain controlled calibration points (oxygen calibration1); all 36 sensors 
were placed in one 3 L jar closed with a lid with flushing fittings. The jar was filled with a gas mixture 
of 10% O2/10% CO2 in nitrogen (AGA Gas AB, Sundbyberg, Sweden) and placed at 5 °C   
for 2 h followed by 10 °C for 18 h and 20 °C for 2 h. Then the jar was filled with a gas mixture  
of 15% O2/25% CO2 in nitrogen (AGA Gas AB, Sundbyberg, Sweden) and placed at 20 °C for 2 h 
followed by 10 °C for 2 h and 5 °C for 18 h. The sensors were also tested in a gas mixture   Sensors 2011, 11 
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of 1% O2/2% CO2 in nitrogen (AGA Gas AB, Sundbyberg, Sweden), but these tests could not be used 
for calibration due to the sensors incapability of measuring below 3–4% O2. Oxygen calibration1 
therefore consists of two oxygen levels at three different temperatures for each sensor, which alone 
would result in a two-point oxygen calibration with correction for temperature.  
In order to improve oxygen calibration1 with successive points of oxygen levels, sensor data from 
other similar post harvest experiments than the one reported in Section 2.2 was used for   
Oxygen calibration2. Two sensors from each of the temperature tested (5 °C, 10 °C and 20 °C) were 
chosen, and only sensor data points coincident with reference measurement from the same jar were  
used leading to six data points for each sensor. The two data sets, oxygen calibration1 and   
oxygen calibration2, were then joint for calibration and resulting in a total 12 data points for each 
sensor. Each sensor node was oxygen calibrated individually and corrected for temperature in the 
calibration. Each of the six sensors was calibrated with an R
2 of 0.97–0.98, and the mean correction for 
the oxygen signal was 0.76% O2. The RMSE of the oxygen calibration was in average 0.77% O2 for 
the six sensors, and this number can be compared with the RMSE of 0.12% from the calibration of the 
PBI Dansensor oxygen analyzer. The uncertainty of the PBI oxygen analyzer is also a part of the 
uncertainty of the sensors.  
2.5. Temperature Calibration of the Sensors 
The data for calibration of temperature was made concomitantly with oxygen calibration1. For the 3 L 
jar to be temperature equilibrated, it took approximately four hours. Therefore, for calibration of the 
temperature, only steady periods of more than four hours were used, leading to four time points—two 
time-points at 20 °C, one at 10 °C and one at 5 °C for calibration. Means of sensor signal over 1 h 
were used. The mean correction for temperature was −0.07 varying from −0.14 to 0.005. As the O2 
signal was found to be influenced by temperature shifts, both the O2 signal and the calibrated 
temperature were used in the O2 calibration.  
2.6. Data Analysis and Determination of Respiration Rate 
All calibrations and data analysis were made in MATLAB (MathWorks, Natick, MA, USA) using 
in-house written scripts. The O2 and temperature signals were read into Matlab for each logger in 
means for every 5 min data-logging. All zeroes were replaced with missing number (NaN) and   
mis-functional loggers were expelled. Missing data in short intervals during the logging for respiration 
rate measurements were estimated using linear interpolation. Sensors showing longer intervals of 
missing data were expelled. The reference data from the gas calibration (oxygen calibration1) and the 
PBI-Dansensor (oxygen calibration2) were joined with sensor data and linear regression analysis was 
used for the oxygen calibration. Estimation of the respiration rate (the oxygen consumption per kg per 
hour) was determined by calculating the first derivative using a local second order polynomial 
Satvitzky-Golay smoothing filter with a window size of 17 points corresponding to 85 min. The 
respiration rate is calculated per weight material per hour. 
   Sensors 2011, 11 
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3. Results and Discussion  
3.1. Stability and Usability of Sensors in Closed Respiration Systems 
During respiration analysis in closed systems, the material often starts to deteriorate because the 
material is still alive and respiring. As anaerobic conditions develop, leakage of moisture and exudates 
is inevitable. Therefore, the sensor nodes were protected from the material and exudates by placing 
them in plastic jars with a lid underneath the plant material (Figure 1). The sensors used in this 
experiment had dimensions that suited the experimental set-up very well, and the sensor set-up did not 
harm the plant material by pressure or other means. The closed jars were placed in climate chambers, 
but the extra coverage from the climate chambers did not generally disturb the signals from the sensor 
nodes to the receiver unit. The receiver was placed up to 3 m from the furthest climate chamber. 
During the measurements, some sensors had periodically fall-outs, where no data was received, 
probably due to lack of connection between the sensor and the receiver. The oxygen sensors were 
found to be well suited for postharvest experiments with regards to the physical set-up used.  
3.2. Temperature and O2 Calibration of the Sensors 
The sensor nodes transmitted an uncalibrated signal to the receiver. Before exploring the data, the 
nodes had to be individually calibrated for both temperature and oxygen. The calibrated temperature 
data are shown in Figure 2. The plot is dominated by sharp peaks, especially visible at 5 °C and 10 °C, 
and these peaks are ascribed to the opening of the climate chamber doors and the removal of the glass 
jars for reference measurements. The discrete measurements were performed in an uncooled laboratory 
at 22–24 °C and that influenced the temperature within the glass jars. Figure 2 also reveals that the 
equilibration of the temperature of the plant material before the start of the experiment at 20 °C was 
not sufficient. It is seen that the sensors enable a very fine-tuned and continuous determination of the 
temperature profile in the glass jar system. This is a major advantage in using the sensors, as the 
temperature plays a pivotal role in metabolic systems [1].  
Figure 3 shows a plot of the calibrated oxygen signal for six of the sensors placed at 5 °C, 10 °C 
and 20 °C respectively. When the glass jars were filled with plant material, the lid was immediately 
closed, and only at the very closing time atmospheric gas composition was present in the jars. The 
glass jars were filled in another lab with no connection to the receiver from the sensor nodes, resulting 
in a time lag of approximately one hour from initiating the experiment until signals from the sensors 
could be received. The sensors placed at 5 °C had almost atmospheric levels of oxygen (20.3%) when 
the sensors started to log oxygen level, whereas at 10 °C and 20 °C the initial concentration of oxygen 
was 19.5% and 17.6%, respectively at initiation of logging. These differences in oxygen level after  
one hour were caused by the very high respiration rate of the plant material at elevated temperatures. 
This led to consumed oxygen at very high speeds, so even a short lag-period between closing of the lid 
and logging of the oxygen level would lead to a marked reduction in oxygen. In order to prevent these 
differences in oxygen levels, it is important to use an amount of plant material that leads to moderate 
changes in oxygen levels and does not respire too fast. However, the very fast consumption of oxygen 
found at elevated temperatures further underpins the efficiency and usability of WSN in respiration 
analysis as it will be possible to log the initial, very fast changes in oxygen level to determine the Sensors 2011, 11 
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initial respiration rate. The glass jars were stopped when the plant material was unsuitable for human 
consumption such as the broccoli seen in Figure 1. 
Figure 2. The calibrated temperature signals from six sensors placed at 5 °C (blue lines), 
10 °C (green lines) and 20 °C (red lines) at hours after initiating the experiment. The grey, 
vertical lines represent the time-points were reference measurements were performed. 
 
Figure 3. The calibrated oxygen signals from six sensors placed at 5 °C (blue lines), 10 °C 
(green lines) and 20 °C (red lines) at hours after initiating the experiment, and the 
corresponding discrete reference measurements made by PBI Dansensor are shown as marks.  
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At low oxygen levels, the sensors returned their individual calibrated minimum value. The sensors 
are, as they are designed now, generally unable to measure oxygen levels below 5%, although some of 
them could measure O2 levels of 2.3%. The mean minimum O2 value of the 25 sensors was 4.3% and 
the highest minimum was 6.9% O2. The inability to detect low oxygen levels is a major disadvantage 
for using the sensors in respiration analysis, as it is often of interest to define exactly when the oxygen 
drops below 1–2%. This level is, in many cases, the threshold between preservation of the fresh plant 
material, and anaerobic respiration leading to decomposition of the plant material [6,26]. The used  
O2-chip was the best commercially available chip with low energy requirements suitable for battery 
operation. It is possible that a chip capable of measuring low oxygen levels with low energy 
requirements will be available in the future.  
3.3. Respiration Rates Determined by Sensors  
It is of keen interest in postharvest research to follow even subtle changes in respiration rate in 
order to identify the underlying reasons. Figure 4 shows the estimated respiration rates (RRO2) 
calculated from the continuous measurements of oxygen by the sensors in a postharvest set-up. The 
sensor measurements are compared to the respiration rates calculated from the discrete measurements 
made by PBI Dansensor. The respiration rates obtained from the continuous measuring sensors showed 
fluctuations that are not detectable when using PBI Dansensor (Figure 4). Especially at 5 °C, but also 
at 10 °C, fluctuations in the sensor respiration rates were seen. At 20 °C, the oxygen level reached 
levels below 5% oxygen too fast, and therefore it was impossible to get a comparable picture of   
the respiration reaching a steady state as seen at 5 °C and 10 °C. The fluctuations seen in Figure 4  
from the sensors hold information that would never be revealed when using conventional, discrete  
oxygen measurements.  
Figure 4. The estimated respiration rates (O2) for broccoli placed at 5 °C (blue lines),  
10 °C (green lines) and 20 °C (red lines) at hours after initiating the experiment, and the 
corresponding discrete reference measurements made by PBI Dansensor are shown as marks.  
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At 20 °C the discrete respiration measurements were much higher than those found for the sensors. 
The reason for this might be that the respiration rate is very high at elevated temperatures and 
irregularities between jars are enlarged. It is known that for high respiring plant material the closed 
system is difficult to use [1] no matter the method for measuring the oxygen content.  
A drawback of the sensors is that they cannot measure carbon dioxide concomitantly with 
temperature and oxygen. Carbon dioxide is emitted from the plant material during respiration, and 
especially when respiration changes from aerobic to anaerobic conditions a large increase in carbon 
dioxide is found. The ratio RRCO2/RRO2 (the respiratory quotient, RQ) is used to determine the main 
metabolic substrates oxidized during respiration [6,12] and to determine the point at which anaerobic 
conditions appear. CO2 sensors are available, but commercial available chips with low energy 
requirements for battery operation have not been found.  
3.4. The Temperature Dependency of Respiration Rates  
The close relationship between temperature and respiration is shown in Figure 5 and has not 
previously been shown with this high time resolution. Information about temperature and respiration 
rate are important parameters in software designed to optimize modified atmosphere packaging of 
fresh fruits and vegetables [4]. Especially at 5 °C where the fluctuations are largest, the relationship is 
very predominant. It was expected that the respiration rate would increase as a consequence of 
increasing temperatures. However, Figure 5 shows that the increase in respiration rate was almost 
synchronic with the increase in temperature. Respiration rates in fresh plant material are very 
temperature dependent [1], and in this experiment the respiration rate was shown to increase 2–3 times 
for each 10 °C increase in temperature. Respiration rate curves, based on discrete measurements, 
determined at temperatures above 10 °C are therefore often too coarse-grained. A temperature increase 
of 2–3 °C resulted in an increase in respiration rate (RRO2) of 10 mL/kg/h. Whether the reason for the 
discrepancy in the timing is due to physical factors related to the sensors, or to the experimental setup 
is not clear. The oxygen RMSE of the sensors was much higher than the RMSE of the reference 
method. By smoothing the calculation of respiration rate, the effects of momentary small irregular 
changes in the sensor signal were reduced. Considering the match between sensor data and discrete 
data, despite the high biological variation in the different jars in Figure 3, and looking at the fine-tuned 
correlation between temperature and respiration rate in Figure 5, the fluctuations in respiration rate 
following a temperature increase was considered to be meaningful. The calibration of the sensors 
would be improved by more calibration points; a test with 30 points reduced the uncertainty to 
approximately 0.5. Aging of the sensors due to the harsh environment with intruding exudates   
and condensed water in postharvest experiments and biomass monitoring might also disturb the 
calibration. The effect of the harsh environment on aging is considered to be substantial compared to 
the aging due to high levels of CO2 and humidity. In these kinds of experiments, the lifetime of the 
sensors must therefore be considered to be lower than in experiments in more gentle environments. 
The sensors might also show cross sensitivity towards CO2 and other gasses that change during the 
experiment, and this might interfere with the calibration as well. The cross sensitivity should be of 
focus in future research. Sensors 2011, 11 
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Figure 5. The temperature and respiration rate relationship for each of the three 
temperatures 5 °C (A), 10 °C (B) and 20 °C (C). In each subfigure the red line refers to the 
respiration data, whereas the black line represents the temperature data from the same 
sensor. The respiration rates are only shown until the sensors reached the minimum   
oxygen level.  
 
4. Conclusions 
The described O2/temperature sensors show major perspectives within post harvest research and 
determination of respiration rates, and the physical set-up of the sensors worked very well. The sensors 
were able to work from within climate chambers and could transmit signals to the receiver. However, 
due to fall-outs of some sensors extra replicates must be considered. The sensors had a higher 
uncertainty in measuring the oxygen content than the reference method used, this could be improved 
by further calibration. The drawbacks of the sensors are their lack of low-level oxygen sensitivity  
and lack of CO2 information. There is a need for further development of chips that will make it 
possible to improve the sensors on these two points. The major advantage and reason for using the 
sensors is the ability to measure temperature and oxygen levels concomitantly and continuously. This 
enables fine-tuned determination of the temperature dependency of respiration leading to a better   
time-resolution of respiration. In a following paper, the sensors are used to determine respiration rates 
in broccoli and wild rocket harvested in different seasons and with varietal differences. 
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